Abstract
Introduction

23
Light absorption by atmospheric aerosols still poses one of the greatest uncertainties 24 associated with the effective radiative forcing due to aerosol-radiation interactions (IPCC, 2013) . 25
Absorption of incoming solar radiation exerts positive radiative forcing to the top of the 26 atmosphere due to heat transfer from light absorbing aerosols to their surroundings. It may also 27 lead to stagnation and clouds dissipation. In terms of positive radiative forcing, black carbon 28 (BC) aerosols are commonly considered to be second only to CO 2 (Bond et al., 2013) Multi-pass photoacoustic spectrometer (PAS) at several wavelengths throughout the visible 46 spectrum has the potential to produce sensitive direct measurements of light absorption due to 47 BrC aerosols. Coupling PAS instruments to a thermal denuder and cavity ring down 48 spectrometers (CRD-S) to measures the absorption and extinction coefficients simultaneously at 49 temperatures ranging from ambient to over 450 0 C allow attribution of aerosol light absorption to 50 BrC, BC, and BC with enhanced absorption due to less-absorbing coating (Cappa et al., 2012 ; 51
Lack et al., 2012b). 52
In a PAS cell, a modulated laser light is absorbed by a sample of particles or gas, generating 53 a modulated acoustic wave with intensity that is proportional to the energy absorbed by the 54 sample. This acoustic wave, which is detected by a sensitive microphone, has a characteristic 55 radial and longitudinal resonance when the light source is modulated at the cavity resonance 56 frequency (F r ). A more detailed description of the PAS method for aerosol light absorption 57 measurement may be found in Arnott et al., (1999) and Nagele and Sigrist, (2000) . 58
While direct, in-situ aerosol absorption measurement using PAS avoids the disadvantages of 59 filter based techniques, an accurate calibration procedure is required to relate the instrument 60 signal to the absorption coefficient (α abs ). One way of achieving this is to directly relate the α abs 61 to the microphone response and the laser power by a theoretical relation (Arnott et al., 1999): 62
where P Laser is absolute laser power in the resonator, A res is resonator cross sectional area, γ is 63 isobaric to isochoric specific heats taken as a constant in dry air, P mic is the microphone signal 64 power, Q is the resonant cavity quality factor and FWHM is the full width half maximum of the 65 acoustic response curve. The F r and the FWHM are sensitive to temperature, pressure and type of 66 carrier gas. 67
When the laser intensity inside the PAS cell is unknown or when it is not possible to 68 measure, as in the case of an astigmatic cell alignment, the instrument's response needs to be 69 concentration and on the instruments' sensitivity to gas composition i.e. the Q, and it can also be 92 easily calculated using a simple thermodynamic model for the speed of sound. In such a case the 93 laser modulation frequency should be adjusted to the new F r value. 94
An alternative calibration method is to use a standard aerosol with well-known absorption 95
properties. PAS calibration using size selected light absorbing particles requires a standard 96 material with accurate information of its complex refractive index at the instrument's 97 wavelength, which is not widely available. This procedure is also time consuming in comparison 98 to the use of a light absorbing gas and may be more difficult to implement on field and aircraft 99 not consistent with other measurements. Therefore, we developed a reliable procedure to 110 calibrate the PAS instrument using light absorbing particles produced in the laboratory with a 111 widely available water soluble absorbing material -nigrosin. In this study, we describe the 112 details of this procedure which includes high accuracy measurement of the nigrosin complex 113 refractive index (RI) using spectroscopic ellipsometry. We also show that there are significant 114 differences between the PAS response curve calculated using nigrosin particles and the PAS 115 response curve calculated using O 3 . 116 
Methodology
117
Photoacoustic aerosol spectrometer 118
The multi-pass astigmatic PAS cell that is used in this work is described in Lack et al., 119 (2012b) and only a brief description is given here. It is composed of dual half-wavelength 120 resonators (11 cm long, 1.9 cm diameter) capped on either end with 1/4 wavelength acoustic 121
notches. The total sample cell volume is 185 cm 3 . While both resonators are open to the sample 122 flow, only one is exposed to the modulated laser light; the other is planned for noise cancellation. 123
Microphones are placed at the antinode of the sound wave in the center of each resonator and the 124 speaker is placed at the background resonator. The F r of the system is found by producing 1 sec 125 segments of white noise using the speaker located in the reference resonator. Each segment is 126 sampled by the microphones at a 100 kHz rate and the F r is found by performing a Fast Fourier 127
Transform. Examples of power spectra with different carrier gas compositions are shown in 128 
PAS calibration 180
To calibration the PAS cell, gas flow was pulled and split between the PAS and the CRD-181 S at a flow ratio of 3:1 to equal the volume ratio of the two instruments. Bootstrap re-sampling method (Rosa, 1988) and the model systematic errors were estimated 221 using the difference between the measured data and the best-fit model generated data. 222 was measured with the PAS instrument at several number concentrations (counted by a 226 condensation particle counter; CPC). Size selection was performed using an electrostatic 227 classifier (3080L, TSI, MN, U.S.A) equipped with an impactor (nozzle diameter of 457 µm). 228
PAS calibration with measurements of nigrosin aerosol
Sample flow was set between 1 to 0.7 LPM such that the 50% cut-off diameter of the impactor 229 was 50 nm above the selected size. The impactor was used to reduce multiply charged particles 230 contribution. The signal of the PAS was compared to the aerosol α abs calculated using Mie theory 231 algorithm from the complex RI retrieved from the dry film SE measurements together with the 232 particles number concentration. 233 
Conclusion
284
In this study we demonstrate a new calibration for PAP instrument using nigroisn, a widely 285 available water-soluble absorbing material. We have derived the complex refractive index of 286 nigrosin throughout the UV and visible range using spectroscopy ellipsometry and suggest that it 287 can now be used as a standard material to calibrate PAS instruments at the UV-Vis-NIR 288 wavelength range for measurements of light absorbing aerosols. Nigrosin can also be used to 289 validate other chosen PAS calibration procedures. Our measurements also imply that calibration 290 of PAS with O 3 at 404 nm may lead to over-estimation of light absorption by aerosol. 291
As shown in this study, spectroscopic ellipsometry may be used to accurately determine the 292 complex RI of other organic dyes that may be used for the same purpose. It requires, however, 293 the production of uniform films of the studied material. 294 
